The benefits of using intraoperative magnetic resonance imaging (iMRI) for neurosurgery have been recognised. However, iMRI facilities are not available in all hospitals. For example, in Singapore iMRI is currently available only at the Singapore General Hospital, an adult hospital without facilities for intensive care management of patients less than 12 years of age. KK Women's and Children's Hospital is a dedicated children's hospital situated 6.3 km away from this facility. In order to obtain iMRI services for our paediatric patients, transport to Singapore General Hospital is required, with return to our hospital for postoperative management. Since July 2009 we have managed nine paediatric patients in this manner: three children with arteriovenous malformations and six children with brain tumours. There was no morbidity or mortality that could be attributed to the transport of patients either to or from Singapore General Hospital. our experience suggests that with adequate planning and preparation, providing anaesthetic care and transporting children for off-site iMRI-guided neurosurgery is feasible and safe for selected children.
In the last ten years, intraoperative magnetic resonance imaging (iMRI) has been increasingly used in paediatric patients. Its importance in the neurosurgical management of paediatric patients is increasingly being recognised [1] [2] [3] [4] . It allows for more complete/extensive resection of brain tumours including deep seated tumours located in eloquent areas, which are difficult to remove safely, and reduces the need for early postoperative scans and reoperations. iMRI also allows for the detection of complications such as haemorrhage 5 and has applications in functional neurosurgery such as surgery for epilepsy 6 . Although an overall increase in surgical time can be expected because of the time required for image acquisition 7 , potential postoperative cost savings can be achieved because of reduced hospital length-of-stay, repeated resections and complications 8 .
Setting up an iMRI operating theatre requires time, substantial financial resources and careful planning. KK Women's and Children's Hospital (KKH) is a stand-alone paediatric hospital supporting an area with approximately one million children. Although there is insufficient justification for a separate iMRI facility at KKH, as part of a healthcare cluster we have excess to an iMRI facility in an adult hospital (Singapore General Hospital [SGH]), which is located 6.3 km away (approximately 15 minutes by road). SGH does not have on-site paediatric intensive care facilities for children under the age of 12 years. As such, selected children must be transported to SGH for use of the iMRI for their neurosurgery, with transport back to KKH postoperatively for continued intensive care. However, as transport of neurosurgical patients both pre-and postoperatively may not be considered ideal, we undertook this review to determine the feasibility of our transport process and to determine whether there were any adverse outcomes related to the requirement for such transport.
THE SGH IMRI oPERATING THEATRE SuITE
The brainSuITE (BrainLAB AG, Feldkirchen, Germany) iMRI suite at SGH was the first iMRI suite commissioned in South East Asia. It is a fullyequipped, radiofrequency-shielded operating theatre with a MAGNEToM Symphony 1.5T magnetic resonance (MR) scanner (Siemens Medical Solutions uSA, Inc, Malvern, PA, uSA), a BrainLAb navigation system and a ceiling mounted Zeiss Pentero microscope (Carl Zeiss Meditec AG, Jena, Germany). This set-up is capable of standard magnetic resonance imaging, angiography, spectroscopy, functional imaging and diffusion tensor imaging 9 . A rotating MR-compatible operating table serves as the MR tray as well. During surgery the head is positioned just outside the 5G line so that standard operating instruments can be used. When MR scanning is required, the turntable is rotated through 160° so that the patient's head is in the center of the scanner. Entry to the brainSuITE is via biometric access control.
The iMRI setup at SGH has an anaesthetic induction room that is separated from the iMRI scanner. This is where anaesthesia may be induced, invasive monitoring lines placed, the patient positioned appropriately and the head pinned in place in a MR-compatible head clamp with integrated head coil. MR-compatible monitoring devices are attached to the patient in the induction room before the patient is transferred into the operating theatre on the MR tray. Anaesthesia is delivered via Aestiva/5 MR imaging anaesthesia machines (GE Healthcare, Madison, WI, uSA) in the anaesthestic induction room and the operating theatre. An inVivo Precess (Research Parkway, orlando, FL, uSA) physiological monitor with a slave monitor located in the iMRI control room is used. This has wireless electrocardiogram and pulse oximetry and thus avoids the need for long cables. It allows for monitoring of central venous pressure, intra-arterial blood pressure, inspired oxygen concentration and capnography. It is also able to monitor the patient's skin temperature continuously, except when the patient is in the MR imaging scanner. In the induction room, the patient is also wrapped in a mummified manner with Gamgee Tissue to prevent hypothermia and reduce the risk of burns resulting from direct contact of cables with skin.
METHoDS
This was a retrospective case note review spanning 2009 to 2012. The Centralized Institutional Review Board approved the review and waived the need to obtain parental consent (CIRB ref no. 2012/162/D). Patients were identified from the Department of Paediatic Anaesthesia, KKH audit form entry data base. All the patients who underwent iMRI were included.
RESuLTS

Patient demographics
Since July 2009, a total of nine patients from KKH (age range of three to 11 years) underwent iMRI-guided neurosurgical procedures at SGH. The demographic data, surgical diagnosis, procedures performed and outcomes are summarised in Table  1 . Three patients had arteriovenous malformations (AVM) that had bled and of these, two required surgery for evacuation of intracranial bleeds. All underwent iMRI-guided definitive excision of AVMs. The remaining six patients had brain tumours; five of these six patients had undergone previous surgery and had residual or recurrent tumours.
Anaesthetic induction
All patients were initially admitted to KKH. Paediatric anaesthetists from KKH provided the anaesthetic care. of the nine, only one underwent anaesthetic induction in SGH. All other patients had anaesthesia induced at KKH where equipment suitable for paediatric patients, such as invasive monitoring lines, and paediatric-trained staff were available. Balanced anaesthesia with sevoflurane, opioids and a muscle relaxant was employed in all cases. Nitrous oxide was not used. All patients were intubated and underwent intermittent positive pressure ventilation. Large-bore intravenous lines, femoral central venous lines and arterial lines were used.
Transfer of patient from KKH to SGH
Patients were transferred from KKH, to SGH via ambulance, attended by the paediatric anaesthetists and the Children's Hospital Emergency Transport Services (CHETS), which is run by the KKH children's intensive care unit (CICu). The mean time between induction of anaesthesia at KKH and surgical start time in SGH was three hours, with at least 45 minutes required for anaesthetic induction and invasive monitoring line insertion at KKH, half an hour for transport and at least one hour of patient preparation at SGH before skin incision. Patient preparation at SGH included the transfer of monitors, application of head pins and the first preoperative MR imaging scans.
Perioperative imaging
All cases had at least one MR imaging scan before surgical incision to aid surgical planning and one before closing. one or two additional MR imaging scans were performed intraoperatively and most resulted in further excision of the lesion, except for one case that was complicated by haemorrhage and two cases with suspicious iMRI findings which, on further surgical exploration, turned out to be innocuous cerebrospinal fluid and not a residual lesion. one patient (patient 6) was noted to have dilated pupils with sluggish response to light after leaving the iMRI operating theatre before transfer back to KKH. This child, who had surgery adjacent to the midbrain, was immediately sent for an emergency computed tomography scan of the head at SGH. The scan proved to be negative for haemorrhage and the patient was then transferred back to KKH.
Transfer of patients from SGH back to KKH
All cases were transferred back to KKH attended by the paediatric anaesthetists and the CHETS team. All patients were admitted to the KKH CICu. one patient was extubated at SGH, but all others were transferred while intubated, sedated, paralysed and ventilated.
Patient complications during transport one child, who was intubated and sedated with propofol but not paralysed during preoperative transfer from KKH to SGH, developed tachycardia associated with gagging on the endotracheal tube en route. This was rectified by deepening the depth of sedation. All other preoperative transfers included patient paralysis in addition to propofol hypnosis and were uneventful.
Patient 5, who had haemorrhage intraoperatively but was deemed stable for postoperative transfer by the attending neurosurgeon, developed bradycardia en route, although pupil size remained equal bilaterally and the patient was otherwise stable. After arrival at the KKH CICu, it was noted that his intracranial pressure was high and there was fresh blood in his external ventricular drain. An urgent computed tomography scan of the head at KKH confirmed significant intracranial bleed and he underwent an emergency craniotomy for evacuation of the blood clot 1.5 hours after arrival at KKH. All other patients were stable during and after transfer.
DISCuSSIoN
iMRI technology has advanced tremendously since the first prototype midfield iMRI system (a GE 0.5T Signa SP) was developed in 1994 10 . It provides real time information on the anatomy and function of the brain and helps overcome problems with 'brain shifts'. Brain shifts refer to dynamic changes in intracranial anatomy that occur as a consequence of craniotomy and other intracranial interventions (such as removal of cerebrospinal fluid and decompression of brain tissue as tumour is partially removed) and pathophysiological processes like oedema [11] [12] [13] . A consequence is that preoperative images used during neuronavigation may no longer accurately reflect the current location of intracranial lesions. Images obtained using iMRI allow for updating of the neuronavigation system, thereby providing neurosurgeons with more accurate information to aid them in deciding the extent of their surgical approach, while minimising the extent of damage to functionally important brain structures like the motor cortex, cortical spinal tract, basal ganglia, thalamus and hypothalamus. The Zeiss Pentero microscope in the SGH iMRI operating theatre has inbuilt fluorescent technologies that facilitate intraoperative near-infrared indocyanine green angiography. This has been shown to be useful for cerebral arteriovenous malformation surgery [14] [15] [16] , enabling the identification of residual AVMs. This feature, in addition to intraoperative navigation and localisation capabilities, and MR angiography (which can be used to identify residual AVMs following surgical resection), was another reason why our paediatric patients with AVMs were sent to the SGH for iMRI-guided definitive excision of these lesions.
For children with medulloblastoma, ependymoma and high grade glioma [17] [18] [19] , the extent of resection correlates with prognosis. Previously, reoperation was necessary after early postoperative scans revealed that the surgical objectives had not been met. The experience with iMRI in various centres has been that intraoperative scans have allowed for extended resections after confirmation of inadequate resection. Reported rates of extended resection vary between 27.5 and 60% 1, 2, [19] [20] [21] . This has reduced the need for early postoperative scans and reoperation, with resultant cost savings.
It was with this hope that iMRI would afford more complete lesion removal that could improve the prognosis of these children, while reducing morbidity associated with damage to surrounding structures and the need for reoperation, that our off-site iMRI neurosurgical/anaesthetic service was created. of our nine patients, two required early postoperative radiological imaging scans (22%) and 1 (11%) required an early reoperation to manage a complication of neurosurgery, rather than for further excision of tumour. Two patients required further neurosurgical procedures later: recraniotomy for tumour recurrence in a child who subsequently succumbed eight months later due to the malignant nature of the tumour; and insertion of a subcutaneous cerebrospinal fluid access device into the cystic portion of tumour two months later in another child. The need for these surgeries was related to the inherent nature of these tumours. All five survivors with brain tumours are functional, with tumours that are either stable in size or without recurrence thus far. of the three children with AVMs, one had a small residual AVM that was treated with Novalis radiosurgery. The other two children had complete excision of their AVMs on follow-up angiography. The longer term outcomes of our patients remain to be seen.
Performing surgery within an MR environment has its attendant hazards and anaesthetists must be aware of the implications of working in such an environment. These have previously been discussed in earlier publications [22] [23] [24] . Performing off-site iMRI requires extra considerations because of the logistical issues involved. Ensuring patient safety and continuity of care is imperative. The decision for patients to undergo off-site iMRI is one that should not be taken lightly: perceived benefits must outweigh the associated risks. Hence only medically stable patients who have no contraindications to MR imaging and lesions that would benefit from real time MR imaging should be considered. There may also be physical limitations to the size of the patient undergoing iMRI-guided neurosurgery imposed by the dimensions of the MR imaging compatible head clamp with integrated head coil. In our setting, it is not suitable for infant use. Implementing such an anaesthetic/surgical service required careful planning and communication between personnel from both hospitals. SGH had protocols and workflows in place to ensure only trained personnel, including anaesthetists and anaesthetic assistants, were allowed to work in the iMRI suite, to which access is restricted. Protocols were also in place for emergencies occurring in the iMRI operating theatre, with staff being given pre-designated roles. Because anaesthetists had been involved in the planning and set up of the brainSuITE iMRI suite in SGH, the layout, equipment and workflow of the place had been well conceived with the provision of an anaesthetic induction room separated from the iMRI operating theatre by doors. This proved to be important as it meant that with the doors closed, non-MRI accredited staff from the KKH CHETS team were able to enter the induction room to participate in the handover of care and transfer of patients. Given the issues regarding accreditation to work in the iMRI suite, cross-institution practice rights and unique workflow, only a limited number of paediatric anaesthetists from KKH were trained and involved in this service. It was decided that KKH nurses would not be involved, except in the postoperative care of an unstable patient who could not be transferred back to KKH.
As it was considered safer and easier for the attending anaesthetist to understand and adapt to the system already in place than to attempt to put a new workflow or system in place, meetings were held with hospital administrators to streamline institutional administrative issues affecting patient care across the two hospitals. Multiple site visits were made to familiarise the anaesthetists with the workflow and physical facilities of the iMRI suite. Guidelines were developed to provide clarity on issues like patient suitability, investigations, placement of invasive monitoring lines, group and crossmatch of blood, transfer of the awake child, transfer of the anaesthetised child, transfer of the postsurgical patient, care of any external ventricular drain and what to do if the child was too unstable for transfer. Table 2 depicts the checklist created to ensure that appropriate personnel (including anaesthetists from both hospitals, neurosurgeons, intensivists and operating theatre managers) were informed of the intention for such a case to be done.
In our case series, there were no complications that arose from performing neurosurgery in an off-site location that could be attributed to unfamiliarity or communication issues. This may reflect the extensive preparation and planning prior to establishing the service and the improvements made after initial implementation. Nevertheless we acknowledge the limitations inherent in a retrospective case review.
However, there are other complications that arise in the course of neurosurgery that cannot be prevented even with the use of iMRI (e.g. patient 5 who had bleeding complications intraoperatively). These complications may result in early postsurgical deterioration. Complications may also arise during transport. These may include haemodynamic instability, respiratory complications resulting in hypoxia, neurological deterioration, poor temperature control, inappropriate administration of drugs, the dislodgment of invasive monitoring lines or endotracheal tube and transport equipment failure. It is thus important that transport of the patient and continued care be undertaken by staff trained in managing critically ill children. It is also necessary to ensure that all physicians including the neurosurgeon, anaesthetists and transport physicians agree that the patient's condition is stable before transport.
A backup plan was set in place for a scenario in which it would not be possible to transfer the patient safely back to KKH. This plan involves activation of a team of paediatric intensivists, anaesthetists and intensive care nurses from KKH who would nurse the patient in the SGH neurosurgical intensive care unit until the patient was stable enough for transfer back to KKH. This may prove challenging in terms of manpower deployment but needs to be considered when planning for such a service. Site visits were made by the KKH CICu staff to establish if equipment available in the SGH neurosurgical intensive care unit was suitable to nurse a paediatric patient. A special trolley bag with equipment and drugs that were not available in the SGH neurosurgical intensive care unit but deemed important in the intensive care of a paediatric patient was created. We also created an activation service should the paediatric anaesthetic team at SGH urgently require extra iMRI-trained paediatric anaesthetists to be present at SGH to assist with patient care.
In our case series, there were no major complications that occurred during transport. We utilised an established service (i.e. the CHETS team) for the transport of our patients postoperatively back to the KKH CICu. The CHETS team comprised at least one doctor and intensive care trained nurse from the KKH CICu. The consultant paediatric anaesthetist involved in the care of the patient would also accompany the patient in the ambulance. The handover of care to the CHETS team was done in the induction room of the iMRI suite with the doors closed.
The checklist prior to transfer included a check of pupil size, vital signs, current infusions, transport equipment and intraoperative events. It was during one such check that the pupils of patient 6 were noted to be abnormal and a computed tomography scan of her head was ordered to exclude new intracranial complications that had developed since the last iMRI scan. During transfer, all intubated patients were kept sedated and paralysed. Any external ventricular drain was clamped during transfer and unclamped upon reaching the KKH CICu. We took care to ensure the patient's head was in the neutral position. Parameters were recorded at five minute intervals throughout.
Cox et al described their unit's experience of providing an anaesthetic service for children undergoing neurosurgical procedures in an iMRI operating theatre suite located in a nearby adult hospital 24 . In their article, they concluded that based on 98 patients undergoing 105 procedures in the iMRI environment over a ten-year period, anaesthesia could be safely provided for children in a high-field iMRI environment. Unlike our experience, most of the children were extubated, observed in the post-anaesthetic care unit for an average period of 49±32 minutes before being transported back to the paediatric intensive care unit of the Alberta Children's Hospital. The distance between Alberta Children's Hospital and Foothills Medical Centre, Calgary, is approximately 3.5 km. None of their patients experienced complications attributed to transport. Seven patients admitted electively to the paediatric intensive care unit were intubated. one patient who had presumably been extubated in the early postoperative period prior to transfer required reintubation in the paediatric intensive care unit as a result of neurological deterioration.
CoNCLuSIoN
In this paper we share our experience and comment on the feasibility of providing an anaesthetic service for children undergoing off-site iMRI-guided neurosurgery in Singapore. We have not had major morbidities or mortalities attributable to the transport of patients in the early postoperative period, but we acknowledge that our numbers are small and we have only had three years' experience. iMRI facilities are expensive to set up but we have shown that paediatric hospitals with a small number of neurosurgical patients may still be able to offer their patients the benefits of iMRI if such facilities are available at a nearby adult institution, despite potential risks that may arise from transporting patients in the early postoperative period.
